Employment of optical frequency shift keying (OFSK) as the downstream modulation format in a WDM passive optical network is proposed. The upstream OOK transmitter at the ONU can be realised by remodulating the constant-intensity downstream OFSK signal power with the upstream data. Transmission and remodulation of 2.5 Gbit=s downstream and upstream signals were successfully demonstrated.
Background: Wavelength division multiplexing passive optical network (WDM-PON) is a promising access technology to deliver high capacity data to the subscribers. Utilisation of centralised light sources at the optical line terminal (OLT) in WDM-PON is an attractive approach for low-cost implementation [1] [2] [3] . Since no wavelengthregistered light source is incorporated at the optical network unit (ONU), wavelength management at the ONU is unnecessary and thus greatly eases the network maintenance. At the ONU, the upstream data transmitter was realised by remodulating part of the received downstream signal power. In [1] , the downstream signal carrier was left unmodulated for a certain period, which was reserved for upstream data modulation. This definitely limited both the downstream and the upstream transmission bandwidth. In [2] , on-off keying (OOK) upstream data was superimposed onto the downstream OOK signal. However, the downstream modulation depth had to be sacrificed and severe crosstalk was induced to the upstream intensity remodulated data. In [3] , optical differential phase shift keying (DPSK) modulation format with constant intensity was exploited in the downstream traffic. The quality of the both downstream and upstream signals was greatly improved compared to the downstream OOK signal case. However, it required a high-speed electronic differential pre-coder in every downstream transmitter at the OLT. Besides, the DPSK demodulation at the ONU required a delayed interferometer with a specific relative arm delay matched to the downstream data rate. PON architecture using downstream OFSK signal: We propose and investigate using optical frequency shift keying (OFSK) as the downstream modulation format to facilitate upstream data remodulation. A binary OFSK signal exhibits constant light intensity with information denoted by two closely-spaced optical carriers. Fig. 1 shows the proposed architecture for a WDM-PON. Downstream traffics from the OLT are routed by one or more array waveguide gratings (AWGs) at the remote node (RN) to different ONUs. In the OLT, a practical OFSK transmitter can be attained by directly modulating a distributed feedback (DFB) laser diode, followed by an optical intensity modulator, which is driven by the complementary downstream data signal [4] . The intensity modulation depth should be properly adjusted to exactly eliminate the intensity difference between the mark and the space levels of the output signal from the DFB laser. As the frequency spacing of the OFSK signal is much smaller than the passband of a common AWG, the downstream signal can be routed smoothly, without bringing extra crosstalk to the adjacent channels. The constant intensity of the downstream signal can be preserved with dispersion compensation at the ONU side. At the ONU, part of the received downstream signal is tapped off and is fed into the OFSK receiver, which consists of an optical frequency discriminator followed by a photodetector, for downstream data detection. Such an OFSK receiver is more flexible than the DPSK one as the required frequency discriminator is transparent to the downstream data rate. The other part of the received downstream signal power is fed into an optical intensity modulator for upstream OOK data remodulation. The remodulated signal then propagates back to the OLT via the AWG. Dispersion compensation can be carried out at the OLT side to avoid intensity fluctuations of the OFSK carrier, and thus enhance the upstream performance.
Experimental demonstration:
We have experimentally demonstrated the proposed scheme on one particular channel in a WDM-PON, for simplicity. Fig. 2 shows the experimental setup. The DFB laser diode was directly modulated by a 2.5 Gbit=s non-return to zero (NRZ) 2 7 À 1 pseudorandom binary sequence (PRBS). The driving DC and AC currents of the laser were 55 and 9 mA, respectively, resulting in an output signal with a central wavelength of 1545.76 nm and a frequency spacing of about 5 GHz. Driven by the complementary data signal, an optical intensity modulator was placed after the DFB laser diode to compensate the concurrent intensity modulation. By properly setting the driving signal amplitude and the tunable electrical delay, the resultant output became an OFSK signal with constant intensity as shown in the inset eye diagram of Fig. 2 . The signal was then amplified by an erbium-doped fibre amplifier (EDFA) to about 5 dBm and was filtered by an optical bandpass filter (OF1) with a 3 dB bandwidth of 0.8 nm. This optical filter was used to emulate a channel of a 100 GHz AWG and also to suppress the excessive amplified spontaneous emission (ASE). From the inset eye diagram of Fig. 2 , the OFSK signal was still kept constant-intensity after transmission over a span of 20 km dispersion shifted fibre (DSF), operated in the non-zero dispersion region. Similar or better performance could be achieved with standard singlemode fibre (SMF) with full dispersion compensation. At the ONU, the received downstream power was split by a 40:60 fibre coupler, of which one output branch was connected to an optical frequency discriminator (OF2) and a PIN detector. We used a delayed interferometer with a relative delay of 94.3 ps (corresponding free spectral range $2 Â 5 GHz) as the frequency discriminator. As shown in the inset eye diagram of Fig. 3 , the OF2 largely suppressed one of the optical carriers and converted the OFSK signal into a 2.5 Gbit=s intensity modulated signal, which was detected by a PIN photodetector with a receiver sensitivity of À20 dBm, indicating negligible power penalty compared with the back-to-back case. The other part of the received downstream signal power was fed into an optical intensity modulator, driven by a 2.5 Gbit=s NRZ 2 23 À 1 PRBS. The remodulated upstream OOK signal was then coupled into the upstream fibre link. The received upstream data was detected by an APD receiver at the OLT. Figs. 3 and 4 show the measured bit error rate (BER) of the downstream and the upstream signals, respectively. Due to the relatively small dispersion at the wavelengths around 1546 nm in the DSF, the two optical frequencies experienced little walk-off and the upstream data suffered from a very small power penalty of 0.2 dB, compared with the case of using a continuous-wave laser as the upstream data carrier. 
Conclusion:
We have proposed and experimentally demonstrated a WDM-PON with 2.5 Gbit=s downstream OFSK data and 2.5 Gbit=s upstream OOK data. By remodulating the constant intensity of the downstream OFSK signal with the upstream data, a simple ONU was realised to support two-way communications and this could also greatly facilitate the network maintenance, in terms of wavelength, data rate, etc. The good signal quality of both the downstream and the upstream data proved the feasibility and effectiveness of the proposed scheme.
